Alternation in the strength of left ventricular contractions was noted relatively frequently in patients with acquired aortic stenosis, but not in patients with congenital aortic stenosis of similar severity. The product of left ventricular systolic pressure and heart rate, an index of the myocardial oxygen requirement, was significantly higher in those patients who exhibited persistent pulsus alternans.
A LTHOUGH it has been recognized for many years that pulsus alternans may occur in patients with aortic stenosis,1 the fact that these 2 conditions are frequently associated has not been documented. The presence of a stenotic aortic valve reduces the central aortic pressure, the central aortic pulse pressure, and also the magnitude of any alternation present in the aortic pressure pulse. Thus, in patients with aortic stenosis, the clinical detection of pulsus alternans in the peripheral pulse is difficult.
Left heart catheterization has made possible the direct measurement of left ventricular pressures in man and, therefore, even minimal alternations in the left ventricular pressure pulse are readily detectable. Furthermore, the technic of left heart catheterization facilitates the quantification of alternation and permits direct measurement of the duration of the events in the cardiac cycle. The purpose of this communication is to characterize the relationship between pulsus alternans and aortic stenosis in 50 patients in whom the presence of aortic stenosis was confirmed by the demonstration of a significant pressure gradient between the left ventricle and aorta at the time of left heart catheterization.
MATERIAL Acquired Aortic Stenosis. The 28 patients with acquired rheumatic aortic stenosis ranged in age from 30 to 55 years and the average age was 41
From the Clinic of Surgery, National Heart Institute, Bethesda, Md. 64 years. There were 19 males and 9 females. In 4 patients aortic stenosis was considered to be the sole valvular lesion on the basis of both hemodynamic and clinical evaluation. In 11 patients, aortic stenosis was considered to be predominant although minimal aortic regurgitation or a mitral lesion was demonstrated or suspected. In the remaining 13 patients, aortic stenosis was present, but was not considered to be the most important lesion hemodynamically; the majority of this group presented aortic regurgitation as the principal abnormality. In the entire group with acquired stenosis, the left ventricular-aortic pressure gradients ranged from 20 to 161 mm. Hg and averaged 74 mm. Hg.
Congenital Aortic Stenosis. The 22 patients in this group ranged in age from 6 to 36 years, and the average age was 16 years. Fourteen were male and 8 were female. The clinical features in these patients have been described elsewhere in detail.2 ' Of these patients, 5 had aortic diastolic murmurs suggesting associated aortic regurgitation. In none, however, was this lesion considered hemodynamically significant. Three patients exhibited, in addition to aortic stenosis, relatively mild degrees of pulmonic stenosis. In the 22 patients with congenital stenosis the left ventricular-aortic pressure gradients ranged from 15 to 172 mm. Hg and averaged 83 mm. Hg.
METHODS
In 46 patients left heart catheterization was performed by the transbronchial route. This technic has been described previously in detail." In 4 patients with congenital aortic stenosis, left ventricular pressures were measured by percutaneous puncture of this chamber through the anterior chest wall. not a consistent relationship. Eleven of the 15 patients with persistent pulsus alternans had pure or predominant aortic stenosis. Of the 13 patients without alternans only 4 had pure or predominant aortic stenosis.
The presence of persistent pulsus alternans was related to a variety of hemodynamic parameters. No statistically significant separation was observed ( fig. 2A and B) although the averages of the heart rates and of left ventricular end-diastolic pressures in the group with pulsus alternans were somewhat higher than in the group without alternans. The patients with pulsus alternans, however, had significantly higher left ventricular systolic pressures (p < .01) as well as significantly higher aortic valve gradients (p < .01) ( fig. 2C and D) . The hemodynamic parameter that afforded the best separation of the patients with pulsus alternans from those without pulsus alternans was the product of the left ventricular systolic pressure and the heart rate ( fig. 3) . This relationship was statistically highly significant (p < .001).
Two patients with pulsus alternans were studied before and after aortic valvulotomy. In one patient it was observed that pulsus alternans was abolished following partial relief of the aortic obstruction and the concomitant lowering of the product of left ventricular systolic pressure and heart rate. This index fell from 233 X 102 to 174 X 102 ( fig. 4) . However, the other patient exhibited alternans both before and after operation. 12 The present observations, when viewed in the light of previously reported data, suggest that a disparity between the oxygen requirement of the heart and the oxygen available to it may so alter myocardial contractility as to result in pulsus alternans. In this connection the observations by Kleinfeld, Stein, and Magin13 are of considerable interest. When the oxygen requirement of a single muscle fiber was increased by the administration of triiodothyronine or when oxygen availability was limited by anoxia, electrical alternans occurred. Similarly, Green observed the appearance of pulsus alternans following experimental coronary artery ligation.14 The relative frequency of pulsus alternans in patients with hypertensive heart disease, in whom total myocardial oxygen requirements are elevated,15 and in patients with arteriosclerotic heart disease, in whom the oxygen delivery is impaired, is well recognized.
It has recently been demonstrated1 that the oxygen consumption of the heart is not Sarnoff.) determined by the external work performed by the heart, but rather by the tension-time index; this is represented by the total area beneath the systolic portion of the ventricular pressure curve per minute. The very close correlation between the product of peak systolic ventricular pressure and heart rate and the tension-time index"', 17 makes an estimation of the relative myocardial oxygen requirements in clinical conditions readily available ( fig. 5) . It was therefore of considerable interest to observe that this index of myocardial oxygen requirement (left ventricular systolic pressure times heart rate) correlated so well with the presence or absence of pulsus alternans ( fig. 3) . Furthermore, it should be noted that in the presence of aortic stenosis, the delivery of oxygen to the myocardium is limited by relatively low coronary perfusion pressure and the prolongation of ventricular systole. '8 Review of the data reported by Friedman and associates19 lends further support to the contention that pulsus alternans is related to changes in myocardial oxygenation. These investigators demonstrated in 3 patients without aortic stenosis that pulsus alternans could be regularly induced by a variety of maneuvers that decreased the venous return, and could be abolished by other maneuvers 
